SULT1A1, which catalyzes the sulfate conjugation of a wide variety of natural and synthetic compounds, is genetically polymorphic. Biochemical and pharmacogenetic studies have demonstrated that individual variation in the level of enzyme activity is inherited. Common single-nucleotide polymorphisms (SNPs) located in the open reading frame and in the 5 0 -flanking region (5 0 -FR) may account for a portion of this individual variation. In this study, we demonstrate the presence of SULT1A1 gene deletions and duplications, representing an additional source of variability in the metabolic activity of this enzyme. A quantitative multiplex PCR assay was used to measure the extent of copy number differences and the frequency of these events in different populations. An analysis of DNA from 362 Caucasian-American and 99 African-American showed the presence of 1 to 5 copies of SULT1A1 in individual samples: 5% of Caucasian subjects contained a single copy of the gene and 26% had three or more copies, while 63% of African-American subjects had three or more copies. Analysis of the genomic region surrounding the SULT1A1 gene in three separate cases with a deletion demonstrated that the entire SULT1A1 gene was affected. Reporter assays, constructed for each of the various 5 0 -FR SNP haplotypes, suggest that these may also play a role in SULT1A1 activity. However, the variability in the level of enzyme activity among 23 human platelet and 267 human liver samples was best explained by gene copy number differences when all sources of genetic variability were considered (P < 0.0001). Overall, these observations have obvious implications for the effectiveness of SULT1A1 as a drug and hormone metabolizing enzyme and its potential role as a risk factor for disease.
INTRODUCTION
Human cytosolic sulfotransferase (SULT) enzymes catalyze the sulfate conjugation of many drugs, other xenobiotics and hormones, especially steroid hormones (1) . There are 12 known human SULT isoforms (2 -5) . SULT1A1 is one of four SULT1A genes that maps to the short arm of chromosome 16 and which encodes proteins that share more than 93% amino acid sequence identity (4, 6, 7) . This area of chromosome 16 has been shown to contain many repetitive sequences and to be highly duplicated (8) , as demonstrated by the recent discovery of a large duplication containing SULT1A3/ SULT1A4 (4).
SULT1A1 is ubiquitously expressed in human tissues and is involved in the metabolism, bioactivation and detoxification of environmental and dietary procarcinogens as well as a number of steroid hormones, including estrogens (2, 3, 9) . Phenotypic studies have demonstrated large variations in the levels of human platelet SULT1A1 activity and thermal stability, variations that are largely due to inheritance (10, 11) . When the SULT1A1 open reading frame was sequenced using DNA from 33 subjects selected for extreme phenotypes for platelet 463-470 doi:10.1093/hmg/ddl468 Advance Access published on December 22, 2006 SULT1A1, a non-synonymous coding single-nucleotide polymorphism (SNP), G638A (Arg213His) or SULT1A1 Ã 2, was associated with decreased levels of both enzyme activity and thermal stability (12, 13) . The SULT1A1 Ã 2 polymorphism has been reported to have frequencies of 0.33, 0.29 and 0.80 in Caucasian-American, Han Chinese, and African-American subjects, respectively (14) . Subsequently, two additional polymorphisms in the 5 0 -FR of SULT1A1 were also reported to contribute to variation in SULT1A1 enzyme activity (15, 16) . These 5 0 -FR SNPs, however, were found to be in linkage disequilibrium with the SULT1A1 Ã 2 ORF polymorphism (15, 16) . Given the importance of this enzyme in a variety of metabolic processes, a number of studies have examined the role of these polymorphic variants in cancer risk. However, case -control studies testing for the possible association of the SULT1A1 Ã 2 polymorphism with risk for breast (17 -19) , bladder cancer (20) , prostate cancer (20, 21) and colorectal, esophageal or lung cancer (3) have produced inconsistent results. These inconsistencies may result from the influence of other SNPs, such as those described in the 5 0 -FR or as yet undiscovered polymorphisms.
Variability in gene copy number is a common phenomenon throughout the human genome (22 -24) and has been observed for a number of genes encoding drug metabolizing enzymes, including the cytochrome P-450 isoform CYP2D6 (25, 26) . Therefore, after obtaining preliminary indications that SULT1A1 might display variation in copy number, we set out to test that hypothesis, as well as to explore the possible functional implications of these copy number differences. In the present study, we report on the occurrence of common copy number variations in the human SULT1A1 gene and its relationship to other common SULT1A1 variants. Furthermore, we demonstrate that the level of SULT1A1 enzyme activity is correlated most closely with copy number variation.
RESULTS
During a study in which pyrosequencing was used to genotype SULT1A1, an unusual peak distribution was observed for DNA samples heterozygous for the SULT1A1 Ã 2 (Arg213His) polymorphism. After demonstrating that there were no polymorphisms under the primers, and that SULT1A2 and SULT1A3/4 were not co-amplified (data not shown), we considered the possibility that copy number differences for the SULT1A1 gene might explain these observations. To test that hypothesis, a fluorescence-based semi-quantitative PCR assay was developed to co-amplify a portion of SULT1A1 and SULT1A2 as well as a fragment from the Coagulation Factor V gene. The location of the primers for SULT1A1 and SULT1A2 (labeled S1 and S2, respectively) is illustrated in Figure 1 . By comparing peak heights for SULT1A1 to the controls (SULT1A2 and the Coagulation Factor V), copy number differences were detected. Figure 2 illustrates the results of this copy number assay for five separate patients showing the peak heights for Factor 5 (F5), SULT1A2 and multiple copies (1 -5) of SULT1A1 (upper panel). The lower panel illustrates the Figure 1 . Schematic diagram of gene structure of SULT1A1 (NM_177534) and SULT1A2 (NM_177528). Using þ1 of A at the ATG start site as the reference point, primer positions for the various assays are as follows: Copy number control (S2, þ13448 to þ13242), Map set 1 (R1, þ10739 to þ10595), Map set 2 (R2, þ10196 to þ 9965), Map set 3 (R3, þ6268 to þ6125), Map set 4 (R4, þ4682 to þ4506), Arg213His rs9282861 (þ2829 to þ2497), Copy number (S1, þ524 to þ314), (2396) rs750155 and (2624) rs3760091 (2379 to 2772), Map set 5 (R5, 22255 to 22399) and Map set 6 (R6, 25499 to 25677). Arrows below represent regions of high homology between SULT1A1 and SULT1A2, and arrows above represent breakpoints for subjects A, B, C. 
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Human Molecular Genetics, 2007, Vol. 16 , No. 5 ratios observed for 1A2/F5, 1A1/F5 and 1A1/1A2. Since the 1A2 to F5 ratios were generally consistent among all samples tested, the 1A1/1A2 ratio was used to calculated copy number for the purposes of this study. In order to define the extent of these genomic alterations, the region surrounding the SULT1A1 gene was further analyzed in three cases found to have a deletion. Haploid cell lines were first created by fusing E2 mouse cells with lymphoblastoid cells obtained from these three subjects and then screened for clones containing only a single human chromosome 16. PCR analysis was then performed utilizing primers for six genomic regions ( Fig. 1 , labeled R1 -R6). Results of the PCR deletion mapping for all three of these cases (DNA from the original lymphocytes or parental sample, the cell lines with intact SULT1A1 and the cell lines with deleted SULT1A1, along with mouse only DNA) is shown in Figure 3 . On the basis of this analysis, at least two different deletions were identified. For sample A, the 3 0 breakpoint of SULT1A1 occurs in a 3.6 kb region between primers R2 and R3, while the 5 0 breakpoint lies within a 3.1 kb region between R5 and R6. For both samples B and C, the 3 0 deletion breakpoint occurs between R1 and R2 while the 5 0 breakpoint extends beyond R6 (Figs 1 and 3) . Utilizing the quantitative assay described earlier, the frequency of SULT1A1 copy number was then determined among 362 Caucasians (95 from the Coriell Cell Repository and 267 adult liver samples) and 99 African-American (Coriell Cell Repository) individuals. Results of the SULT1A1 copy number assay for one of the groups tested (the 267 adult liver samples) is shown in Figure 4 . A summary of results for all samples tested is provided in Table 1 . Among all of the Caucasian subjects, 17 of 362 samples (4.7%) demonstrated a deletion within the SULT1A1 gene, i.e. one copy, while 93 subjects (25.7%) had three or more copies. None of the African-American subjects carried a gene deletion while 62 of 99 subjects (62.6%) had three or more copies.
Three polymorphisms within the SULT1A1 gene, G638A and the two 5 0 -FR polymorphisms, have been reported to play a role in determining the variability observed in SULT1A1 enzymatic activity. In an effort to explore the functional significance of the two 5 0 -FR polymorphisms (2624 and 2396), luciferase reporter gene assays were performed with constructs containing the four possible haplotypes of the SULT1A1 5 0 -FR SNPs. After transfection into HepG2 and HEK293 cells, the CG, GG, CA and GA haplotypes showed a 8.3-fold, 7.5-fold, 3.8-fold and 0-fold (n ¼ 6-9) increases in luciferase activity, respectively, when compared with pGL-3 Basic (Fig. 5) . These results further support the idea that these polymorphic variants may contribute to differences in SULT1A1 enzymatic activity.
Previous studies of SULT1A1 genotype -phenotype correlation, which have focused primarily on the G638A SNP and the two 5 0 -FR polymorphisms, have been performed in the absence of knowledge of the SULT1A1 gene duplication. Thus, to further determine whether variations in the SULT1A1 copy number and the three SNPs are associated with alteration in function, both copy number and phenotype for SULT1A1 was derived for 23 platelet samples and 267 liver samples; 18 (6%) of the 290 samples carried the deleted allele while 78 (27%) had more than two copies of the gene. Although copy number does not influence the accuracy of the genotyping calls for those samples with a copy number of 1 or 2 (75% of the samples), the accuracy is influenced for those cases with a copy number of 3 or more. Using Human
the gene copy data in conjunction with a semi-quantitative SNP assay, the number of alleles for the G638A SNP and the two promoter SNPs were further defined in the liver samples. The effect of genotype versus the effect of copy number on level of activity was then determined as described in the methods section. Overall, there did not appear to be a significant effect of a particular allele above the effect of the total copy number on the level of activity for each of the three SNPs tested: 5 0 -FR (2624), rs3760091; 5 0 -FR (2396), rs750155 and G638A, rs9282861 (P ¼ 0.61, 0.77 and 0.67, respectively) with respect to SULT1A1 activity. The total copy number, however, did have a very strong effect (P , 0.0001) with respect to enzyme activity. For each increase in copy number, there is an estimated 0.15 (95% CI: 0.11-0.19) associated increase in enzymatic activity (Â10 21 Units/mg) (Fig. 6A) . A more pronounced effect was seen when enzyme activity in platelets was compared with SULT1A1 copy number (Fig. 6B) . The reason for this more pronounced effect in enzyme activity derived from platelets compared with liver, however, is not entirely clear.
DISCUSSION
It has been known for decades that the SULT1A1 level of activity is influenced by common genetic polymorphisms (10, 11) . However, the common coding region polymorphism, SULT1A1 Ã 2 (G638A) is associated with only a portion of the variation observed in SULT1A1 activity (12, 27) . Recent studies have reported that additional polymorphisms in the SULT1A1 5 0 -FR and exon 1A, which are in linkage disequilibrium with SULT1A1 Ã 2, might also influence SULT1A1 phenotype (15, 16) . Reporter gene assays presented in this study support these in vitro findings. However, these common SNPs still do not completely explain variation in SULT1A1 phenotype in vivo. In the present study, we report that SULT1A1 gene copy number differences occur and that copy number differences appear to explain the majority of the variation in SULT1A1 in vitro activity in liver and platelets when all of the presently known sources of genetic variability are taken into account. This finding most likely reflects the relative contribution of each of the polymorphic variants to the overall phenotype. That is, even though the reporter gene assays support the idea that the promoter polymorphic variants may contribute to differences in SULT1A1 enzymatic activity, their contribution to the enzymatic activity relative to the effect of copy number appears to be small.
Overall, these results may help to explain the inconsistencies found among those case -control studies testing for possible associations of SULT1A1 Ã 2 polymorphism with risk for cancer (17 -21) . There are at least two potential sources of error in these and similar previous studies: (i) gene copy number has not been taken into account and (ii) incorrect genotypes due to copy number differences. Because of the presence of copy number differences, therefore, all previously reported genotypes results should be called into question.
The presence of multiple copies of SULT1A1 appears to be common, with frequencies that vary with ethnicity. Twentysix percent of Caucasians and 63% of the African-American subjects studied had more than two alleles. In addition, 5% of the Caucasian subjects had a single copy of the SULT1A1 gene, while none of the African-American subjects tested had this genotype ( Table 1 ). The fact that increased copy numbers for the SULT1A1 were observed more often in African-American subjects may explain in part, the observation by Anderson et al. (28) , that basal platelet SULT1A1 enzyme activity in African-American subjects is significantly higher than that in Caucasian subjects.
Data from the hybrid cell mapping demonstrate that the breakpoints flank the coding region and that the entire SULT1A1 gene is deleted. Although not tested directly, we presume that gene duplications will have similar breakpoints. Because the 5 0 and 3 0 ends of SULT1A1 share such high homology, the most likely mechanism for these deletion and duplication events is the presence of homologous recombination. Other SULT genes localized to chromosome 16 are SULT1A3 and SULT1A4, both 800 Kb downstream of SULT1A1. Given the distance, we do not expect that these genes are involved in the deletion/duplication events detected in this study for SULT1A1. However, the extent of the chromosomal abnormality beyond SULT1A1 is, at this time, completely unknown. Additionally, we cannot rule out the involvement of other genes that map more closely to SULT1A1.
In summary, we have documented the presence of a common gene duplication/deletion event in SULT1A1. Individuals carrying additional copies of SULT1A1 represent 'rapid sulfators,' while those with fewer copies are 'slow sulfators'-as is the case for cytochrome p450 2D6, another drug metabolizing enzyme (25,29 -31) . The pharmacogenetic implications of differences in SULT1A1 gene dosage might help explain individual differences in drug toxicity and/or efficacy in the clinical setting. Additionally, it should now be possible to consider SULT1A1 gene dosage as an independent variable when studying the possible association of this gene with complex phenotypes and/or disease susceptibility. Finally, copy number differences must be taken into account when genotyping common SNPs within the SULT1A1 gene.
METHODS

DNA
DNA for these studies was obtained from a variety of sources. One hundred DNA samples each from Caucasian-American and African-American subjects (100-item sample sets, HD100CAU and HD100AA), were obtained from the Coriell Cell Repository (Camden, NJ). DNA was also isolated from 23 subjects selected for extreme platelet SULT1A1 phenotypes (12) . Finally, DNA was obtained from adult human hepatic surgical biopsy samples obtained from 268 Caucasian women having clinically indicated surgery at the Mayo Clinic, predominantly for the diagnosis and/or treatment of metastatic carcinoma. These samples were anonymized and only information with regard to diagnosis, gender, race and age was provided. Normal hepatic tissue from the site of tumor was used to perform the studies described subsequently. The Mayo Clinic Institutional Review Board reviewed and approved the use of these specimens for experimental purposes.
Enzyme activity
Platelet homogenates from 23 blood samples were previously phenotyped for SULT1A1 activity as described elsewhere (12) . SULT1A1 enzyme activity in the liver samples were measured by modifications of the method of Foldes and Meek (32) as described by Campbell et al. (33) .
SNP genotyping
Genotypes for the SULT1A1 Ã 2 polymorphism (Arg213His, rs9282861) were obtained by pyrosequencing using a PSQ 96 instrument (Biotage) according to the manufacture's guidelines. Genotypes for 2396 (rs750155) and 2624 (rs3760091) were acquired using fluorescent-based allele-specific PCR with the analysis performed on an ABI3100 DNA analyzer (Applied Biosystems). The PCR conditions and primer sequences for all three of these polymorphisms are available upon request.
Copy number assay: fluorescent-based quantitative PCR
A set of PCR primers were designed to co-amplify a 212 bp fragment within exons 2 and 3 of SULT1A1 (NM_177534) and a 208 bp fragment within exons 3 and 4 of SULT1A2 (NM_177528) (Fig. 1, labeled S1 and S2, respectively) . In this case, SULT1A2 is used as an internal control for copy number. In addition, a 202 bp fragment amplified from the Coagulation Factor V gene was included as an additional copy number control. PCR products were analyzed on an ABI3100 DNA analyzer (Applied Biosystems) and copy number was estimated by calculating the height ratio of the 212 bp amplicon of SULT1A1 to the reference 208 bp amplicon of SULT1A2. The PCR conditions and primer sequences for this copy number assay are available upon request.
Haploid analysis
EBV transformed lymphocytes of three samples known to carry a deletion of SULT1A1 were subjected to haploid conversion. Hybrid cell lines were generated by fusing lymphoblastoid cells from subjects with E2 mouse cells essentially as described by Yan et al. (34) . Using a number of microsatellite markers, mouse/human hybrid cell lines were screened to isolate clones containing individual chromosome 16 alleles: one clone containing the intact SULT1A1 gene and another clone with the deleted allele. The extent of the deletion in each case was then examined directly by testing DNA for the presence or absence of PCR amplification using six primer pairs (labeled R1-R6) spaced along the 5 0 and 3 0 region of SULT1A1 (Fig. 1) . As a PCR control, a mouse STS marker (MEG1) was co-amplified in a multiplex with the six primer pairs. The PCR products were then run on a 2% agarose gel and visualized directly after staining with ethidium bromide. The PCR primer sequences and conditions are available upon request.
Reporter gene constructs and promoter activity SULT1A1 5 0 -FR sequences that contain the common SNPs located at positions (2624) and (2396) were used to create firefly luciferase reporter gene constructs in pGL3-Basic vector (15) . Nucleotide locations were numbered relative to the 'A' in the SULT1A1 translation initiation codon. These constructs were 700 bp and contained all possible haplotypes for the two SNPs (2624 C/G, 2396 G/A). These constructs were sequenced in both directions to ensure that the correct sequences were present and were then used to transfect HepG2 and HEK293 cells. Specifically, 2 mg purified plasmid DNA were transfected into the cells together with 20 ng pRL-TK (Promega) DNA. The Renilla luciferase activity expressed by pRL-TK was used as a control for transfection efficiency. Cells were also transfected with pGL3-Basic that lacked an insert as a control. Results of these reporter gene studies were reported as the ratio of firefly luciferase to Renilla luciferase light units, and values
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Human Molecular Genetics, 2007, Vol. 16, No. 5 were expressed relative to the activity of the pGL3-Basic vector construct. All assays were performed in triplicate in both cell lines and were repeated three times, for a total of nine independent data points.
Statistical analysis
To test the effect of genotype versus the effect of copy number on the level of activity, linear regression models were used. The first model was for the effect of copy number, regardless of allele type, and used the total number of allele copies as the independent predictor of activity level. The second model considered the role of particular allele types, and used the counts of each particular allele type as the predictors of activity level (i.e. requiring two independent predictors). Comparing the second model versus the first by a likelihood ratio test provided an evaluation of the role of particular alleles, over the effect of copy number, on level of activity. A small P-value would suggest that specific alleles influence activity level over the effect of total copy number, whereas a large P-value would suggest specific alleles do not contribute to activity level, once the total copy number is accounted for. Comparing the first model versus a model without any predictors provided a test of the total copy number.
